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Abstract 16 
Explosively formed projectile (EFP) is one of the most severe explosive and impact loading 17 
threats for civil infrastructure and military vehicles. Currently, there is no effective means of 18 
protection for military vehicles and infrastructure facilities from EFPs. This paper presents 19 
the experimental results of the hypervelocity impact of EFPs on steel-concrete (SC) barrier 20 
systems of finite dimensions. The SC barrier units tested were broadly representative of the 21 
type of protective SC units used in the expedient construction of barriers for mitigating 22 
improvised explosive device (IED) and EFP threats to critical infrastructure facilities. The 23 
response of non-composite, partially-composite and fully-composite SC barrier units was 24 
studied. All studied protective systems were capable of terminating the high-velocity 25 
projectiles effectively through the combined action of the concrete core and steel faceplates. 26 
The data gathered from these tests is also intended to further the understanding of impacts 27 
on SC composite structures at speeds greater than 1000 m/s and for the calibration of 28 
numerical models of EFP formation and its interaction with steel-concrete targets. 3D 29 
numerical simulations were performed to better understand the various stages of EFP 30 
interaction with the SC composite barriers and develop recommendations for their design 31 
optimisation. No previously published results on the EFP terminal ballistic performance of 32 
SC composite structures of finite dimensions have been found in the open literature. 33 
 34 
Keywords: Explosively formed projectiles, hypervelocity impact, steel-concrete 35 
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1 INTRODUCTION 39 
Improvised explosive devices (IEDs) present a significant challenge to conventional 40 
armour systems and civil engineering infrastructure. One type of IED that has been 41 
particularly difficult to defeat using conventional protective measures is known as 42 
explosively formed projectiles (or EFPs). EFP warheads are commonly found in 43 
conventional anti-tank weapons. They are also regularly used by insurgent forces 44 
against armoured vehicles in conflict-affected countries. The energy of EFPs is 45 
significantly greater than that of large calibre ammunition, such that a  threat is posed 46 
to the occupants of armoured vehicles both by perforation and spalling of the armour. 47 
One such EFP device is schematically illustrated in Figure 1, wherein a high 48 
explosive is placed in a tube holder having an open end. A dish-shaped metallic 49 
liner, typically copper, is placed at the open end with its concave surface facing 50 
outward, so that the high explosive is enclosed within the tube behind the metallic liner. 51 
This improvised device is positioned so that the concave surface of the copper dish 52 
faces the target. When detonated, the explosive shock wave hits the liner at the apex first 53 
and the high pressure remains there longer than around the rim where the detonation front 54 
arrives later [1]. This turns the liner into an essentially super-plastic shape by turning it 55 
inside out and driving it forward with the apex in front until the entire disc has folded in 56 
on itself to form a slug. The final geometry of the slug (Figure 1) is determined by 57 
stretching and collapse deformation modes caused by a combination of higher velocity of 58 
the liner elements near the axis and initial curvature of the liner. 59 
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 60 
Figure 1: Formation of an explosively formed projectile (EFP) 61 
Relatively limited research has been published in the open literature on defeating 62 
this threat [2]. Instead, the bulk of research has been focused on investigating the 63 
protection of armour against conventional shaped charges and long-rod penetrators, 64 
which are very different in their penetration mechanics to an EFP. Existing 65 
publications in the area of EFPs predominantly addressed performance and 66 
penetration of steel armoured solutions with a direct application to the protection of 67 
armoured vehicles such as armoured fighting vehicles and infantry mobility vehicles. 68 
The resistance of conventional structural components to hypervelocity impacts by EFPs 69 
has not been previously studied systematically and is not a well understood 70 
phenomenon. 71 
Some recent work describing the flight, and destructive capabilities of EFP 72 
experimentally and numerically have been noted. For example, Wu et al. [3] 73 
numerically simulated the entire process of slug formation, flight and the penetration of 74 
a 60 mm calibre EFP on a 25 mm steel target. It was found that the projectile was able 75 
to easily penetrate the steel target before breaking into chips and bursting away. Liu et 76 
al. [4] studied ballistic performance of monolithic and composite structures including 77 
three-layered in-contact and spaced mild steel targets and found that the multi-layered 78 
targets with the thinner sub-structures in front and thicker sub-structures at back are 79 
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superior to resist the penetration of the copper EFP. Hu et al. [5] assessed the impact 80 
performance of EFP on concrete targets. Various EFP parameters (e.g. liner and 81 
explosive materials) were evaluated and it was concluded that the configuration with 82 
a copper liner and Composition B explosive resulted in maximum penetration into 83 
concrete. 84 
Figure 2 shows the reinforced concrete walls breached by a 300 mm diameter EFP 85 
demolition device [6]. The EFP breached the first two concrete wall targets and had 86 
sufficient energy to topple a third wall (not shown). Bookout and Baird [7] conducted an 87 
extensive experimental program on unreinforced concrete targets of 600 mm thickness 88 
impacted by a 100 mm calibre EFP. Their experimental results demonstrate that an EFP 89 
is capable of destroying and penetrating substantial unreinforced and reinforced concrete 90 
targets. 91 
 92 
Figure 2: Destructive force of EFP experienced by reinforced concrete wall targets [6] 93 
Steel-concrete protective structural solutions are common in nuclear installations as 94 
the primary containment system for some reactor types. Bruhl et al. [8] proposed a three-95 
step method for designing steel plate composite (SC) walls subjected to missile impact. This 96 
method can be used to compute the minimum required steel plate thickness for SC walls to 97 
prevent perforation from missile threats with initial velocities between 20 m/s and 230 m/s, 98 
  5  
and missile weights up to around 2000 kg. For parameters outside of this range, the 99 
validated finite element analysis approach is recommended for conservative evaluation. 100 
Hashimoto et al. [9] carried out an experimental study on the behaviour of RC panels 101 
reinforced with steel plates subjected to missile impact as part of a project on designing 102 
nuclear-related facilities for extreme loading conditions such as an accidental aircraft crash 103 
or terrorist attack. In their experiments, the missile velocities were in the range of 140 m/s to 104 
270 m/s. One of the main findings of this study was that a concrete panel with a steel plate 105 
on its rear face had higher impact resistance than a reinforced concrete panel. When used on 106 
the front face of a concrete panel, a steel plate was less effective compared to the concrete 107 
panels with steel cladding on the rear side. 108 
Performance of steel tubular structures and panels filled with concrete as protective 109 
structures have been studied by Remennikov et al. [10, 11]. Remennikov and Uy [10] 110 
experimentally investigated the failure modes of concrete-filled steel tubular elements due 111 
to contact and near-field detonation of TNT charges. Remennikov et al. [11] carried out an 112 
investigation into the response of axially restrained non-composite steel-concrete-steel 113 
(SCS) sandwich panels subjected to blast and impact loads, and demonstrated the high 114 
effectiveness of steel-concrete sandwich panels as protective barriers against high-speed 115 
vehicle impacts and close-range blasts. Ngo et al [12] carried out a comprehensive, non-116 
linear three-dimensional numerical analysis the concrete-filled square tubular columns 117 
subjected to blast loading due to close range detonation of the TNT charges and 118 
highlighted the beneficial effect of concrete as an infill material in protective composite 119 
structures. 120 
The performance of steel-concrete structural elements has been extensively studied 121 
experimentally, analytically and numerically for high-speed vehicle impacts, as well as far-122 
field and near-field high explosive (HE) detonations and contact charge detonations. 123 
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However, the performance of concrete structures cladded with steel face plates when 124 
subjected to hypervelocity impacts in excess of 1000 m/s produced by such IED threats 125 
similar to EFPs is uncertain. This study investigates the possibility of utilising concrete units 126 
cladded with steel face plates for infrastructure protection against EFPs. The presented 127 
experimental program includes EFP testing of steel-concrete protective systems with 128 
different construction types to evaluate their effectiveness in mitigating IED-EFP threats to 129 
built infrastructure. The experimental results are subsequently used for calibrating 130 
numerical models of EFP penetration into the steel-concrete protective barriers. 131 
2 EXPERIMENTAL SETUP AND TEST PROGRAM 132 
The EFP device design was based on the recommended empirical design parameters for 133 
the explosively formed projectiles [1, 6]. The EFP consisted of carbon fibre-reinforced 134 
polymer (CFRP) casing and a copper liner as shown in Figure 3. CFRP was used for 135 
the casing to provide a  high level of confinement while having a lower likelihood of 136 
generating safety hazards due to fragmentation than steel casing. The CFRP casing was 137 
manually packed with the Composition B explosive (60/40 mixture of RDX and TNT, 138 
density:  1600 kg/m
3
, detonation velocity: 8,050 m/s) and closed from one end with the 139 
plastic end cap. At the other end of the CFRP tube, the copper liner was placed so as 140 
to ensure an intimate contact with the high explosive fill. An electric detonator was 141 
inserted through the plastic cap into the explosive fill and used for initiating the EFP 142 
device. 143 
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 144 
Figure 3: Schematic view of an EFP device 145 
The steel-concrete targets were tested in the blast trial range facility shown in Figure 4(a). 146 
The distance between the firing position of the EFP devices and the targets was 6 meters. 147 
Previous studies of the EFP formation [1] have shown that the complete development of 148 
the EFP requires less than 400 µs, which means that the selected distance between the 149 
firing position and the target is acceptable. A 1.5 m x 2.5 m board with black and white 150 
stripes was positioned between the firing position and the targets to assist with the 151 
measurements of the projectile velocity with a high-speed camera, which was positioned 152 
in front of the board and perpendicular to the projectile’s flight path. Figure 4(b) 153 
demonstrates the installed EFP device prior to testing. The welded steel tubular adjustable 154 
mounts were used for precisely positioning and targeting the devices. 155 
                                        (a)                                                                     (b) 156 
Figure 4: Experimental setup for: (a) EFP testing of targets and measurement of the 157 
velocity of high-speed projectiles; (b) EFP device installation prior to firing 158 
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The steel-concrete sandwich units had dimensions 0.5 m (W) x 0.5 m (H). The SC units 159 
consisted of front and rear steel face plates, and a concrete core. Three groups of SC units 160 
were constructed to develop a better understanding of the effects of concrete strength, 161 
strength of the steel face plates, and the connection or “composite action” between the 162 
concrete core and the steel face plates. The test matrix, unit IDs and material properties of 163 
the steel faceplates and the concrete cores are detailed in Table 1. In Table 1, BISXX 164 
refers to a high-strength steel plate of Grade XX manufactured by Bisalloy Steels in 165 
Australia [13], and NSC and HSC refer to normal- and high-strength concrete, 166 
respectively. 167 
The first group of SC units included a baseline design BIS400-NSC-150, which 168 
consisted of an NSC concrete core with a compressive strength of 42 MPa and the high-169 
strength steel face plates. The face plates and the core were not mechanically connected 170 
apart from the chemical bond developed between the steel and concrete during the curing 171 
process. The concrete core of BIS400-NSC-150 was not reinforced. The SC unit BIS500-172 
NSC-REO also did not have the steel plates connected to the core but its concrete core 173 
was reinforced with steel meshes and shear links. This type of SC unit was expected to 174 
demonstrate the effectiveness of steel lining and reinforcing the concrete core. Since no 175 
connectors were used in this protective system design, we will refer to it as “non-176 
composite” in this paper. 177 
The second group of SC units addressed several parameters such as concrete strength, 178 
steel strength and the effect of tying the steel face plates internally and externally. This 179 
group included six test unit designs, namely BIS80-NSC, BIS80-HSC, BIS400-NSC, 180 
BIS400-HSC, BISHH-NSC and BISHH-HSC. Two concrete mix designs were used for 181 
filling the sandwich block to yield normal strength concrete and high strength concrete 182 
cores. The front and rear steel plates were connected with three internally welded ties bars 183 
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with a dimeter 8 mm for holding the steel plates in place during concrete pour. 184 
Additionally, in some designs the externally welded steel straps were used to introduce 185 
some degree of composite action between the steel plates and the concrete core. As such, 186 
this group of protective units is referred to as “partially composite" in Table 1 and in the 187 
remainder of this paper. 188 
 The third group of SC units addressed the effect of fully restraining the steel face 189 
plates against outward motion caused by high-intensity stress waves propagating through 190 
the layered media (steel-concrete-steel). Units of BIS500-NSC-BOLTS were designed 191 
with four high-strength bolts of 16 mm diameter through the thickness of the block. This 192 
group is referred to as “fully composite” to reflect that this design provides a strong 193 
mechanical connection between the steel face plates and the concrete core. 194 
 195 
Table 1: Test matrix and properties of steel and concrete components of barrier units 196 
Unit ID 
Steel face plates Concrete core 
Connection 
between core 
and plates 
Thickness 
[mm] 
Yield 
strength 
[MPa] 
Thickness 
[mm] 
Compressive 
strength 
[MPa] 
Reinforce-
ment 
BIS400-NSC-150 9.5 1320 150 42 No Chemical bond 
BIS80-NSC 9.5 830 300 40 No Ties and straps 
BIS80-HSC 9.5 830 300 75 No Ties and straps 
BIS400-NSC 9.5 1320 300 40 No Ties and straps 
BIS400-HSC 9.5 1320 300 75 No Ties and straps 
BISHH-NSC 9.5 1640 300 40 No Ties and straps 
BISHH-HSC 9.5 1640 300 75 No Ties and straps 
BIS500-NSC-BOLTS 9.5 1400 300 42 No HS through bolts 
BIS500-NSC-REO 9.5 1400 300 42 10 mm bars 
@ 100 mm 
mesh both 
faces 
Chemical bond 
 197 
 198 
3 MOTION ANALYSIS OF EFP PROJECTILES 199 
The velocity of the projectiles was estimated using motion analysis of the high-speed video 200 
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footage recorded during the EFP firings. The velocity of the projectile significantly affects 201 
the projectile’s ability to penetrate a target due to the squared velocity value in the kinetic 202 
energy equation. In this experimental program, the velocity tests used a Memrecam HX-3 203 
high-speed camera to collect video recordings of the projectile’s path. The Memrecam HX-3 204 
high-speed camera was set to 25,000 frames per second (fps). The black and white striped 205 
Zebra board was placed 3.0 meters away from the firing position and parallel to the 206 
projectile’s path. The black and white stripes were 100 mm wide. 207 
Figure 5 shows a typical snapshot where the flying EFP could be clearly identified as 208 
it was passing a white stripe of the Zebra board. By tracking the flight of the projectile over 209 
several frames recorded every 40 microseconds, the velocity of the EFP was calculated. The 210 
average projectile velocities are summarised in Table 2. These average velocities are 211 
comparable with the similar EFP design described in [7] where a velocity of 1317 m/s was 212 
determined using C-4 explosive fill. 213 
 214 
Table 2: Summary of EFP parameters and calculated velocities 215 
Group of SC blocks 
Ave. explosive 
fill mass [g] 
Ave. mass of 
copper disk [g] 
Ave. EFP 
velocity [m/s] 
#1 (“non-composite” blocks) 1380 460 1228 
#2 (“partially composite” blocks) 850 536 1198 
#3 (“fully composite” blocks) 1358 460 1215 
 11  
 216 
Figure 5: High-speed video recording used for motion analysis of projectile velocity 217 
The soft recovery system was developed to capture the projectiles in the tests without 218 
the targets. Based on previous experience with capturing similar EFP slugs, the soft 219 
recovery system utilised 12 hay bales placed behind the targets as shown in Figure 6(a), 220 
followed by the sand section. One of the recovered projectiles is shown in Figure 6(b). 221 
The recovered projectile has an air cavity that begins at the tail and progresses forward 222 
into the projectile, which is difficult to observe. The presence of the air cavity confirms that 223 
the slug did not collapse completely during the formation process as shown in Figure 1.   224 
  
  (a)         (b) 225 
Figure 6: (a) soft recovery system; (b) recovered slug 226 
 227 
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4 PERFORMANCE OF STEEL-CONCRETE (SC) PROTECTIVE SYSTEMS 228 
4.1 Performance of SC Unit with Unreinforced Core and Unrestrained Face Plates 229 
The resistance of SC units with unrestrained faceplates to hypervelocity impacts by the EFPs 230 
was investigated first. As mentioned previously, the face plates were connected to the 231 
concrete core only through the chemical bond developed during the curing process. The 232 
target unit BIS400-NSC-150 is shown in Figure 7(a). 233 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 7: Target unit BIS400-NSC-150: (a) view before impact; (b) initial contact 234 
between the copper projectile and front steel plate; (c) initial horizontal crack in the 235 
concrete; (d) separation of the front and rear steel plates 236 
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The target unit was subjected to a hypervelocity impact by a projectile flying with a 237 
velocity of 1200 m/s. The high-speed impact of a copper projectile into a front steel plate 238 
results in localised melting of both metals and increased luminosity as depicted in Figure 239 
7(b). Figure 7(c) demonstrates an initial response of the target unit where the steel faceplates 240 
start moving away from the concrete core and the concrete core develops a large crack in the 241 
central horizontal plane. 242 
The outward motion and separation of the steel face plates can be explained by 243 
complex interactions between the compressive and release stress waves at the interfaces 244 
between the concrete core and the steel plates. As Figure 7(d) depicts, failure of the BIS400-245 
NSC-150 unit resulted in fragmentation of the concrete core into large projectiles flying with 246 
a high velocity, which are capable of inflicting secondary damage in the protected targets. 247 
Despite severe damage of the SC protective unit with unrestrained steel face plates, the 248 
EFP did not penetrate into the rear steel plate thereby indicating that it was fully arrested by 249 
the 150 mm thick concrete core. Based on the experimental observations, the SC blocks with 250 
the mechanically unrestrained liners can be used as protective barriers against EFPs but their 251 
failure response might produce large steel and concrete projectiles, as well as associated 252 
secondary fragmentation hazards to the protected targets. 253 
The subsequent sections in this paper will present the options for improving the overall 254 
performance of the SC protective units as protective barriers against explosively formed 255 
projectiles. 256 
4.1 Performance of SC Unit with Unreinforced Core and Partially Restrained 257 
Face Plates 258 
High-speed cameras were used to record the ballistic response of the steel-concrete 259 
protective systems. Images obtained from high-speed video recordings were helpful in 260 
diagnosing the damage sequence of the target elements as well as any experimental 261 
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anomalies. Several frames from the high-speed recordings, marked by an approximate 262 
time after impact, are shown in Figure 8. Figure 8(a) shows an EFP just prior to 263 
impacting on the front steel plate. The increased luminosity at 0.60 ms (Figure 8(b)) is 264 
due to impact of the projectile on the steel plate and melting of the metals in the impact 265 
zone. 266 
By the approximate time of 1.0 ms after impact, the concrete core experienced 267 
severe shear cracking originating from the front surface of the concrete core at the point 268 
of impact and propagating through the entire thickness of the concrete core. Figure 8(c) 269 
also shows that the front steel plate receives the impulse in the direction opposite to the 270 
direction of impact, which results in fracture at the connections between the steel welded 271 
straps that were holding the steel plates and the concrete core together, and the front steel 272 
plate. After the tensile fracture of the steel welded straps, the front steel plate starts 273 
moving away from the concrete core that also continues to shatter into multiple fragments 274 
of concrete as shown in Figure 8(d). 275 
  
(a) (b) 
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(c) (d) 
Figure 8: High-speed video frames showing the interaction between an EFP slug and 276 
the target at various stages: (a) EFP slug (red circle) prior to impact (time = 0 ms); (b) 277 
Impact on the front steel plate (time = 0.60 ms); (c) initial cracking of the concrete core 278 
(time = 1.0 ms); (d) target disintegration by EFP slug (time = 5.0 ms) 279 
The typical global failure mode of the steel-concrete protective units of finite dimensions 280 
is demonstrated in Figure 8. All six “partially composite” protective units responded to the 281 
hypervelocity impact by the EFP in a similar fashion regardless of the steel plate grade and 282 
the concrete core strength. For all targets, the projectile impacted the block within 50 mm of 283 
the central point. The impact of the projectile resulted in the perforation of the front steel 284 
plate and the complete destruction of the concrete core for both normal strength and high 285 
strength concrete specimens. The concrete that formed the core of the protective unit 286 
scattered around the test site as shown in Figure 9. 287 
One of the important findings of these tests was that the rear steel plate did not receive 288 
any damage for all six targets. This finding indicates that the front steel plate and the 289 
concrete core effectively absorbed the kinetic energy of the EFP, thereby protecting the 290 
rear steel plate from any damage. This finding has important consequences for the 291 
development of an effective protective system from EFPs based on sandwich 292 
construction, such as steel plates with a concrete core. 293 
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 294 
Figure 9: Typical failure mode of SC “partially-composite” sandwich blocks after 295 
high-speed impact by EFP 296 
The front and rear steel plates of the steel-concrete sandwich targets performed 297 
differently in these tests. The steel plates that faced the EFP were perforated by the 298 
projectiles forming slightly elongated holes with a maximum dimension of approximately 299 
60-65 mm. The hole dimensions were similar for all three grades of high- strength steel 300 
plates used for the targets. A typical front steel plate after impact is shown in Figure 301 
10(a).  302 
Table 3 summarises the projectile penetration dimensions for the three types of high-303 
strength steel used for the front plates and two concrete grades. It can be observed that 304 
the penetration dimensions are very similar for all three types of steel and not affected by 305 
the concrete strength. 306 
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(a)    (b) 307 
Figure 10: Steel face plates of the sandwich targets after impact by EFP: (a) perforation 308 
of the front steel plate; (b) intact rear face steel plate 309 
Rear steel plates did not receive any damage after the EFP impact on the sandwich 310 
target. The rear steel plate separated from the front plate due to fracture of the steel straps 311 
and rod connectors welded between the two plates as shown in Figure 10(b). In all these 312 
tests, the rear plates were not displaced from the testing location, which indicates that no 313 
direct loading was transferred onto these plates by the impacting projectile. Based on 314 
these experimental observations, it can be concluded that the tested designs of steel-315 
concrete sandwich blocks may be proposed as effective protective structures for 316 
mitigating the highly destructive effects of EFPs on infrastructure and critical structural 317 
components. 318 
Table 3: Comparative performance of front steel plates of different steel grades 319 
 
 
 
 
Plate 
perforation 
dimensions 
Front steel plates 9.5 mm / Concrete strength 
BIS400-NSC BIS80-NSC BISHH-HSC 
  
Minimum 60 mm 55 mm 55 mm 
Maximum 70 mm 65 mm 67 mm 
 320 
4.2 Performance of SC Unit with Unreinforced Core and Fully Restrained Face 321 
Plates 322 
To investigate the effect of fully restrained steel faceplates, the SC protective system was 323 
developed with four high-strength bolts of 16 mm diameter as shown in Figure 11(a). The 324 
concrete core had a thickness of 300 mm and a compressive strength of 42 MPa. The high-325 
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strength bolts were designed to prevent outward motion of the steel face plates by estimating 326 
momentum of the steel plates from the measured outward velocities and their masses. 327 
 Figure 11(b) depicts a target unit BIS500-NSC-BOLTS after being struck by an EFP 328 
flying with a velocity of 1200 m/s. The failure mode for the BIS500-NSC-BOLTS unit 329 
included perforation of the front steel plate and complete disintegration of the concrete core. 330 
The rear steel plate was intact thereby indicating that the EFP was arrested by the concrete 331 
core. The high-strength bolts effectively restrained the steel face plates against outward 332 
motion with only minor plastic deformation around the bolt holes. 333 
  
(a)                                                                    (b) 334 
Figure 11: Target unit BIS500-NSC-BOLTS: (a) Before impact by EFP; (b) After 335 
impact by EFP 336 
The performance of the target units with fully-restrained steel face plates demonstrated 337 
that these units can be effective as protective barriers for mitigating hypervelocity impacts 338 
by explosively formed projectiles. 339 
4.3 Performance of SC Unit with Reinforced Core and Unrestrained Face Plates 340 
Steel liners and jackets are widely used for retrofitting reinforced concrete structural 341 
elements against the effects of blast and impact. A target unit BIS500-NSC-REO (Figure 342 
12(a)) was developed to investigate the effect of a steel mesh reinforced concrete core on the 343 
 19  
overall performance of the SC protective system subjected to hypervelocity impacts by 344 
EFPs. The reinforced details included two welded steel meshes of 10 mm deformed bars 345 
with a spacing of 100 mm in both directions. The concrete cover was 20 mm for both steel 346 
meshes. The meshes were connected with shear links made from the same reinforcing bars 347 
to form an effective confining cage for the concrete core. 348 
 As can be observed in Figure 12(b), the EFP penetrated the front steel plate 349 
approximately 50 mm from the centre. The front steel plate separated from the concrete 350 
core. The concrete core after the EFP impact is shown in Figure 12(c). Even though the 351 
concrete core damage is quite extensive, one can notice the significantly improved overall 352 
performance of the reinforced core compared to that of the SC blocks with an unreinforced 353 
concrete core presented in Sections 4.1-4.2. It appears that lateral confinement afforded by 354 
steel meshes and steel shear links is an effective mechanism for reducing fragmentation of 355 
the concrete core following a hypervelocity impact by EFPs. 356 
Figure 12(d) shows that the rear steel plate remained bonded to the concrete core and did 357 
not experience any damage. This observation indicates that the reinforced concrete core of 358 
300 mm thickness effectively terminated the EFP and absorbed the shock impulse produced 359 
by the EFP hypervelocity impact. These experimental results provided an important design 360 
outcome; that the SC protective system with a reinforced concrete core is an effective means 361 
of protection from hypervelocity EFP impacts with reduced fragmentation hazards from the 362 
protective barrier. 363 
 364 
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  (a) (b) 
  
(c) (d) 
Figure 12: Target unit BIS500-NSC-REO after impact by EFP: (a) View of the block 365 
prior to testing; (b) Perforated front plate; (c) View from the impact side after EFP 366 
impact; (d) View from the rear side after EFP impact 367 
 368 
  369 
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5 NUMERICAL SIMULATION OF THE INTERACTION OF EFP WITH 370 
STEEL-CONCRETE PROTECTIVE BARRIER UNITS 371 
5.1 Description of Computer Models 372 
In this study, computer simulations were performed using the ANSYS Autodyn 17.1 [14] 373 
software. Full 3D models were developed to study the ballistic performance of various 374 
configurations of barrier units (see Figure 13). The impact response of spaced steel plates 375 
was first investigated to establish the maximum perforation capacity of the slug formed from 376 
a 100 mm calibre EFP device. Next, the effect of a concrete core sandwiched in between two 377 
parallel steel plates is investigated. In an effort to optimise the design of the barrier unit, 378 
several variations were numerically investigated. The variations included modelling SC units 379 
with concrete cores with varying thicknesses (e.g. 150 mm, 100 mm, and 100 mm), and the 380 
removal of the front face plate. Recommendations for future designs of barrier units to 381 
protect against EFPs are then made based on the conclusions drawn from the entire study. 382 
Figure 13: Computational domain used for: (a) hypervelocity impact of spaced steel 383 
plates; (b) penetration of steel-concrete target sandwich block 384 
The EFP slug was modelled based on the exact geometry of the actual slug recovered from 385 
the field test for maximum accuracy (see Figure 14). This was achieved by digitising the 386 
actual projectile using a 3D-scanner and importing into Autodyn as a 3D surface mesh. The 387 
EFP slug as well as the concrete core was defined with the Smooth Particle Hydrodynamics 388 
(SPH) meshless Lagrangian formulation [14]. In comparison, conventional Lagrangian grids 389 
 
Steel 
  
Copper 
Concrete 
  (a) (b) 
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would typically suffer from severe grid distortions and tangling. However, it is to be noted 390 
that the SPH method is computationally expensive and is less efficient than conventional 391 
methods and should therefore be employed sensibly [15]. 392 
 
 
(a)    (b) 393 
Figure 14: (a) Recovered EFP slug; (b) EFP slug discretised as SPH mesh for 394 
interacting with targets 395 
The front face steel plate was discretised with the Arbitrary Lagrangian-Eulerian method 396 
(ALE) [14] to account for extremely high pressures and large deformations caused by 397 
hypervelocity impact. This method allows for the grid to be moved and remapped 398 
accordingly during the calculation process. This essentially minimises grid distortions and 399 
therefore reduces the occurrence of numerical instabilities normally experienced by “pure” 400 
Lagrangian grids while still allowing the overall calculation to be performed efficiently [15]. 401 
Interaction between all ALE and SPH parts was defined using the external gap contact 402 
algorithm [14]. A summary of the discretisation methods used to define the various parts in 403 
the computer models is given in Table 4. 404 
Table 4: Summary of discretisation methods used in the numerical models 405 
Part 
Spaced steel 
plates 
Steel-concrete target sandwich blocks 
50 mm 
concrete core 
100 mm 
concrete core 
150 mm 
concrete core 
EFP 5639 SPH nodes 5639 SPH nodes 
Concrete core N/A 
100k SPH 
nodes 
200k SPH 
nodes 
300k SPH 
nodes 
Steel plates 
150k hex ALE 
elements 
100k hex ALE elements 
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5.2 Material Constitutive Modelling 406 
In the numerical models, the strength behaviours of the EFP slug and steel plates are 407 
represented by the Johnson-Cook material model (refer to equation (2)) which describes 408 
the strength behaviour of metals experiencing large strains, high strain rates, and high 409 
temperatures which is suited for the high velocity impact of the present problem [14]. 410 
 =  + 	
1 + ∗1 −           (2) 411 
where	 is the yield stress while , , , , and  are the material constants. 	 and ∗ 412 
are the effective plastic and normalised effective plastic strain rate, respectively.  =413 
 − /=  −  represents the homologous temperature where  and 414 
 are the room and melting temperatures, respectively. 415 
The P-alpha equation of state model developed by Herrmann [16] was utilised to 416 
represent the compaction behaviour of the concrete blocks, accounting for the relationship 417 
of material compaction over a wide stress range while simultaneously giving reasonable 418 
definition of compaction process for levels of low stress [14]. This is defined in equation 419 
(5): 420 
 = 1 +  ! − 1 " 	#$		#$	%&


            (5) 421 
where   is the material porosity, ' is initial compaction pressure at porous compaction, 422 
 ! is porous compaction while '( is solid compaction pressure, at full compaction 423 
(i.e.	 = 1.0), and  is the compaction exponent. 424 
RHT (Riedel-Hiermaier-Thoma) concrete strength model is used to describe the 425 
dynamic loading of the concrete blocks [14]. This strength model combines the plasticity 426 
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and shear damage model in which the material deviatoric stress is limited by a generalised 427 
failure surface of the form of equation (6). 428 
+,, . , /,  = . − 01234 ∗ 53644 ∗ 789 ∗ 5:61;<        (6) 429 
where 0123 accounts for the fracture surface,  5364 accounts for reduction in deviatoric 430 
strength under porous compression, 78 is the third invariant dependence term which 431 
represents the difference between compressive and tensile meridian, 5:61; is the strain 432 
rate effect which is represented with increases in fracture strength with plastic strain rate. 433 
Table 5 summarises the equation of states (EOS) and material models used to define all 434 
the parts in the numerical models. While, Table 6 and Table 7 present the material 435 
parameters of the parts imported from the Autodyn material library [14]. 436 
 437 
Table 5: Summary of EOS and material models 438 
Part Material 
Equation of 
state 
Strength 
model 
Failure model 
EFP slug Copper Linear Johnson-Cook None 
Concrete block 
Normal 
strength 
concrete 
P alpha RHT concrete RHT concrete 
Steel plates 
High hardness 
high strength 
steel 
Linear Johnson-Cook None 
  439 
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Table 6: Material parameters of EFP and steel plates 440 
Parameter EFP slug Steel plates 
Material Copper Steel 
Density [g/cm
3
] 8.960 7.830 
Equation of state Linear Linear 
Bulk modulus [kPa] 1.290E8 1.590E8 
Specific heat [J/kgK] - 477.000 
Strength model Johnson-Cook Johnson-Cook 
Shear modulus [kPa] 4.600E7 8.180E7 
Yield stress [kPa] 9.000E4 6.800E5 
Hardening constant 
[kPa] 
2.920E5 5.100E5 
Hardening exponent 0.310 0.260 
Strain rate constant 0.025 0.014 
Thermal softening 
exponent 
1.090 1.030 
Melting temperature [K] 1356 1793 
 441 
Table 7: Material parameters of concrete blocks  442 
Parameter 
Equation 
of state 
Parameter 
Strength 
model 
Parameter 
Failure 
model 
P-alpha 
RHT 
concrete 
RHT 
concrete 
Material Concrete 
Shear modulus 
[kPa] 
1.670E7 
Damage constant, 
D1 
0.040 
Density [g/cm
3
] 2.750 
Compressive 
strength (fc) [kPa] 
3.500E4 
Damage constant, 
D2 
1.000 
Porous density 
[g/cm
3
] 
2.314 
Tensile strength 
(ft/fc) 
0.100 
Minimum strain 
to failure 
0.010 
Porous sound 
speed [m/s] 
2920 
Shear strength 
(fs/fc) 
0.180 
Residual shear 
modulus fraction 
0.130 
Initial compaction 
pressure [kPa] 
2.330E4 
Intact failure 
surface constant A 
1.600   
Solid compaction 
pressure [kPa] 
6.000E6 
Intact failure 
surface exponent N 
0.610   
Compaction 
exponent 
3.000     
Bulk modulus 
[kPa] 
3.527E7     
 443 
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5.3 Numerical Simulation of EFP Impact on Steel-Concrete Sandwich Targets 444 
Using a Coupled Multi-Solver Approach 445 
In an effort to obtain quantitative as well as qualitative understanding of the penetration 446 
performance of the EFPs for steel and concrete targets, the penetration of EFP into 447 
multiple steel plate targets and steel-concrete sandwich blocks was studied numerically 448 
using ANSYS Autodyn 17.1. Simulation results will be validated using experimental 449 
observations in Section 4 and high-speed video recordings of the experiments. 450 
5.3.1 Ballistic Performance of Spaced Steel Plates 451 
Impact response of spaced steel plates was investigated so as to establish the maximum 452 
perforation capacity of the explosively formed projectile formed from a 100 mm calibre 453 
EFP device. The 9.5 mm thick high-strength steel plates were spaced 150 mm apart as 454 
shown in Figure 13(a). The plates have dimensions of 500 mm x 500 mm. The EFP slug 455 
was assigned an initial velocity of 1200 m/s based on the results of motion analysis of the 456 
high-speed video recordings of the flying EFPs from the field explosive trials. 457 
Figure 15 presents the simulation results for the interaction analysis of the EFPs and 458 
the spaced steel plates. The results indicate that the EFP flying with a velocity of 1200 459 
m/s is likely to perforate two consecutively placed 9.5 mm thick steel plates and will be 460 
terminated by the third steel plate which will experience plastic bulging deformation but 461 
without perforation damage. As demonstrated by Figure 15(d), the penetration and 462 
perforation process occur in about 1 millisecond leading to the termination of the 463 
projectile. The results also show that the numerical model correctly captures the thermo-464 
hydrodynamics processes where the copper projectile explosively bonds with the steel 465 
plug upon initial impact transient. This behaviour is confirmed experimentally and is 466 
discussed in the subsequent sections. 467 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 15:  Interaction of the EFP with spaced steel plates: (a) perforation of first plate; 468 
(b) perforation of second plate; (c) deformation of third plate; (d) evolution of the EFP 469 
projectile velocity during the interaction with the three spaced steel plates 470 
5.3.2 Ballistic Performance of 150 mm “Non-Composite” SC Blocks  471 
As evidenced by the results presented in Figure 15, an explosively formed projectile flying at 472 
a velocity of 1200 m/s is likely to perforate two parallel 9.5 mm steel plates. Therefore, two 473 
steel plates with a concrete infill is investigated next so as to assess their performance when 474 
subjected to the hypervelocity impact by an EFP. The 3D model of the steel-concrete (SC) 475 
target unit with concrete infills of either 50 mm, 100 mm, and 150 mm is shown in Figure 476 
13(b). This model includes two high-strength steel plates modelled using ALE formulation 477 
and a concrete infill and copper EFP discretised with SPH. The target unit was modelled as 478 
non-composite panel with the steel plates and the concrete infill interacting only through the 479 
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contact interfaces between them. Just like before, the impact velocity of the projectile of 1200 480 
m/s was taken from experimental motion analysis. 481 
Figure 16 compares the concrete core damage at 0.062 ms instant after impact between the 482 
experimentally recorded damage (Figure 16(a)) and numerically predicted damage contours 483 
(Figure 16(b)). The concrete core damage initiated at the impact location as well as through 484 
formation of cracks at the central horizontal and vertical planes of the block. At this time 485 
instant, the front and rear steel plates just started separating away from the concrete core 486 
which correlates well with the numerically predicted steel plate velocities in Figure 18(b). 487 
     488 
(a)      (b) 489 
Figure 16: Concrete damage at t = 0.062 ms after impact: (a) initial horizontal crack 490 
from high-speed video recording; (b) predicted concrete damage by AUTODYN model 491 
at 0.062 ms (blue – intact material, red – fully fractured material) 492 
Analysis of the numerical results provided information on the mechanics of EFP 493 
penetration into a steel-concrete (SC) sandwich target. By plotting the time histories of 494 
displacements and velocities for the projectile and steel plates, it is possible to better 495 
understand the interaction between an EFP and the targets subjected to hypervelocity 496 
impacts. 497 
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   498 
Figure 17: SC target panel response (with 150 mm concrete infill): (a) penetration depth 499 
of EFP travelling into concrete core; (b) EFP penetration in the SC “non-composite” 500 
panel (concrete infill is not shown) after 1 ms 501 
It can be observed from Figure 17(a), that it takes about 1.5 ms for the EFP to penetrate 502 
through the front face steel plate and full depth of the 150 mm concrete core. By this time, the 503 
projectile becomes moulded into a typical “mushroom” shape and is depicted in Figure 21. 504 
Analysis of the projectile and rear face plate velocities indicates that after 1.0 ms their 505 
velocities will attain approximately 35 m/s (Figure 18(a)) and 17 m/s (Figure 18(b)), 506 
respectively. The rear steel plate attains velocity due to the compressive wave induced by the 507 
impact impulse that travels through the concrete core and reflects from the steel-concrete 508 
interface. This finding explains why the rear steel plate was intact in the experiment – by the 509 
time the EFP had reached its resting position, the rear plate had already separated and flown 510 
away from the concrete core. 511 
The graph in Figure 18(b) also confirms the observed behaviour of the front steel plate 512 
after getting struck by an EFP. After an initial impact transient which imposes very high 513 
pressure on the front steel plate in the impact zone, the front steel plate bounces back in the 514 
direction opposite to the impact. The acquired momentum is sufficiently high to fracture 515 
tension ties between front and rear steel face plates in “composite” designs of the sandwich 516 
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blocks. These qualitative observations are also supported by the high-speed video recording 517 
in Figure 16(a) and observations of the failure modes discussed in Section 4. 518 
    519 
Figure 18: Interaction of the EFP with 150 mm SC target: (a) evolution of the EFP 520 
projectile velocity; (b) average velocities of front and rear steel plates in the non-521 
composite SC block 522 
Behaviour of the concrete confined between the front and rear steel plates is characterised 523 
by rapid progression of damage originating from the point of impact, firstly across the 524 
concrete thickness, and then spreading towards the block edges. Figure 19 presents the 525 
evolution of contours for concrete damage after EFP impact. At t = 1.0 ms, the EFP is 526 
practically terminated by the concrete. Similar to the experimental observations, the concrete 527 
core of the SC block is fully damaged and the projectile retains its “mushroom” shape in the 528 
process of concrete penetration. 529 
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 530 
Figure 19: EFP penetration into 150 mm concrete core and evolution of concrete 531 
damage (t = 0.2 ms, 0.5 ms, 1.0 ms) (0 – intact material, 1 – fully fractured material) 532 
Numerical simulations also allow for a better understanding of the localised concrete 533 
behaviour in the vicinity of the EFP which is otherwise not possible with experimental 534 
measurement techniques. A material compression variable COMPRESS in Autodyn provides 535 
information on the changes in material density resulting from localised compressive pressures 536 
exerted by the EFP slug. The material compression variable COMPRESS is calculated as the 537 
natural logarithm function of the ratio of the current material density to the original density 538 
ln(ρ/ρ0). Thus, COMPRESS = 0 represents the original material density and COMPRESS = -539 
0.5 represents the reduction (i.e. softening) of about 40% from its original value. Figure 20 540 
illustrates the progression of changes in the concrete density as the projectile penetrates into 541 
the concrete core. It can be observed that as the EFP travels through the concrete core, it 542 
leaves behind a cylindrical volume of crushed and pulverised concrete with a density of about 543 
60-75% of the original concrete density. On the other hand, the concrete in front of the 544 
projectile is densified by 5-10% of the original density and continues providing its 545 
contribution towards terminating the EFP. 546 
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 547 
Figure 20: EFP penetration into 150 mm concrete core and changes in concrete material 548 
compression variable COMPRESS = ln(ρ/ρ0) (t = 0.2 ms, 0.5 ms, 1.0 ms) 549 
Figure 21 validates the final shape of the explosively formed projectile after penetrating 550 
through the steel-concrete target. The SPH model of the EFP slug (Figure 21(a)) simulated 551 
the final deformed shape quite realistically – capturing all important features and overall 552 
dimensions of the EFP slug recovered after the tests (Figure 21(b)). The model reproduced 553 
the typical “mushroom” form of the projectile, the final mass, and the steel fragment bonded 554 
to the copper projectile during the initial stage of hypervelocity impact on the front steel face 555 
plate. 556 
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     557 
(a)    (b) 558 
Figure 21: (a) Final shape of SPH model of the EFP after penetration into concrete; (b) 559 
recovered copper slug with steel plug bonded to the copper slug. Mass of the recovered 560 
slug is 425 g 561 
5.3.3 Ballistic Performance of 100 mm “Non-Composite” SC Blocks  562 
Following the findings of the previous section where an explosively formed projectile flying 563 
at a velocity of 1200 m/s is successfully terminated by a 150 mm thick concrete core 564 
sandwiched in between two steel plates, a parametric study is performed to investigate the 565 
ballistic performance of SC blocks when the thickness of the concrete core is varied (i.e. 100 566 
mm and 50 mm) as well as when the front face steel plate is absent. 567 
Figure 22 illustrates the process of the EFP interaction with an SC block with a 100 mm 568 
thick concrete core. At the initial stages of the front face steel plate perforation and initial 569 
penetration into the concrete core, the ballistic performance of SC block is similar to that of 570 
the SC block with a 150 mm thick concrete core. Major differences in the ballistic 571 
performance however, can be observed after about 0.6 ms from the initial impact, when the 572 
EFP comes into contact with the rear face steel plate. For an SC block with a 100 mm 573 
concrete core, it appears that the terminal ballistic performance is controlled by the presence 574 
of the rear face steel plate. The velocity of the EFP after penetrating through the concrete 575 
core is relatively low and is not sufficient for perforating the rear face steel plate. However, 576 
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for the EFPs with higher initial impact velocities than 1200 m/s, a thicker rear face steel plate 577 
would need to be selected to avoid possible perforation damage. 578 
 579 
Figure 22: EFP penetration into 100 mm concrete core and changes in concrete material 580 
compression variable COMPRESS = ln(ρ/ρ0) (t = 0.0 ms, 0.3 ms, 0.6 ms, 0.8 ms) 581 
As can be seen from Figure 23(a), the EFP velocity curve becomes nearly flat at t = 0.8 ms 582 
as both the EFP and the rear steel plate have acquired the same outward velocities. Analysis 583 
of the velocities of the front and rear steel plates shown in Figure 23(b) indicates that the 584 
plates acquired outward velocities of about 7 m/s and 27 m/s, respectively within 0.8 ms after 585 
impact. 586 
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  587 
Figure 23: Interaction of the EFP with 100 mm SC target: (a) evolution of the EFP 588 
projectile velocity; (b) average velocities of front and rear steel plates in the non-589 
composite SC block 590 
5.3.4 Ballistic Performance of 50 mm “Non-Composite” SC Blocks  591 
In order to evaluate minimum required thickness for the concrete core to fully terminate an 592 
EFP impacting an SC block at a velocity of 1200 m/s, a model of an SC block with a 50 mm 593 
thick concrete core was employed. Figure 24 presents the stages of EFP penetration into the 594 
SC block with a 50 mm thick concrete core. Due to the relatively thin layer of concrete, the 595 
concrete in front of the EFP becomes crushed and its density is reduced even prior to the full 596 
penetration of the front face steel plate by the EFP. The compressive pressure exerted by the 597 
EFP on the concrete is transferred to the rear face steel plate causing its bulging. At t = 0.37 s, 598 
the EFP comes into contact with the rear face steel plate – by this time its velocity is 599 
relatively low and therefore not sufficient to perforate the rear face steel plate.  600 
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 601 
Figure 24: EFP penetration into 50 mm concrete core and changes in concrete material 602 
compression variable COMPRESS = ln(ρ/ρ0) (t = 0.0 ms, 0.06 ms, 0.10 ms, 0.37 ms, 0.72 603 
ms) 604 
Figure 25(a) shows the evolution of the projectile velocity during its penetration into an 605 
SC block with a 50 mm thick concrete core. Interestingly, it can be observed that the EFP 606 
velocity becomes terminated much faster and at a higher rate compared to the SC blocks with 607 
thicker concrete cores (Figure 18 and Figure 23). The faster termination of EFP could be 608 
attributed to the faster “activation” of the rear face plate due to the thinner concrete core. 609 
Even before complete perforation of the front face steel plate by the EFP, the rear face plate 610 
has already become deformed and already started contributing to the termination of the EFP. 611 
While the rear face steel plate experiences large plastic localised bulging without rupture 612 
for an EFP with an initial impact velocity of 1200 m/s for this SC block configuration, a 613 
faster EFP (e.g. 1800 m/s or higher) could cause the rear face steel plate to be perforated. 614 
 Analysis of the velocities of the front and rear face steel plates presented in Figure 25(b) 615 
indicates that the plates would move away from the concrete core at velocities of about 6 m/s 616 
and 34 m/s, respectively within approximately 1.0 ms after impact.  617 
Overall, a 50 mm concrete core may be recommended as the minimum thickness for the 618 
SC protective barriers. Since the thickness of the rear steel plate becomes a controlling design 619 
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parameter to prevent perforation damage by an EFP, the designer may need to consider 620 
increasing the plate thickness for cases with EFP impact velocities exceeding 1200 m/s. 621 
 622 
   623 
Figure 25: (a) evolution of the projectile velocity during penetration of 50 mm SC block; 624 
(b) average velocities of front and rear face steel plates in non-composite SC block 625 
 626 
 627 
 628 
5.3.5 Ballistic Performance of 100 mm “Non-Composite” SC Block Without Front Face 629 
Plate 630 
As evidenced by the results presented in Sections 5.3.3 and 5.3.4, the contribution of the rear 631 
face steel plate becomes critical for the overall penetration resistance of the SC barriers when 632 
the concrete core thickness is reduced. On the other hand, as observed from the multiple 633 
experiments, the front face steel plate always becomes perforated by the EFP regardless of its 634 
ultimate strength or hardness. Therefore, an additional parameter modelling was performed 635 
where the front face steel plate was removed from design of the SC barrier units to see its 636 
effects. 637 
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Figure 26 presents the different stages of concrete damage at t = 0.06 ms, 0.15 ms and 0.80 638 
ms after direct EFP impact. It can be observed that the EFP impact causes violent outburst of 639 
concrete fragments (t = 0.8 ms) in the direction opposite to the impact. Furthermore, the 640 
concrete resistance causes erosion of the EFP which can be clearly seen at t = 0.15 ms. This 641 
phenomenon was not observed in the SC barrier designs with the front face steel plate. The 642 
EFP erosion can be explained by observing the progression of concrete damage for the SC 643 
blocks with and without front face steel plate (e.g. Figure 19 and Figure 26).  644 
In Figure 19, one can notice that the concrete becomes fully fractured when an EFP is 645 
penetrating through the front face steel plate. In this case, the EFP would travel through 646 
concrete core that has already experienced strain-softening behaviour and would therefore 647 
have less shear strength to contribute to the resistance of the EFP. Contrary to this behaviour, 648 
when the front face is absent from the design (see Figure 26), the EFP would travel through 649 
concrete which is only minimally damaged from the initial impact (t = 0.06 ms) and would 650 
therefore possess more resistance against the EFP. Significant EFP material erosion can be 651 
observed to have occurred by the time the EFP penetrates through the entire thickness of the 652 
concrete core (t = 0.15 ms). 653 
     654 
Figure 26: EFP penetration into 100 mm concrete core (no front steel plate) and 655 
evolution of concrete damage (0.06 ms, 0.15 ms, 0.80 ms) 656 
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The contours for the Autodyn material compression variable, COMPRESS also confirms 657 
the above observed phenomena. As depicted in Figure 27, from the initial stages of EFP 658 
penetration into the concrete core, a cloud of loose concrete fragments is formed that fly 659 
outward with high velocity. At t = 0.08 ms, the EFP is broken up into multiple copper 660 
fragments, and concrete behind the EFP forms into a cloud of flying fragments which are 661 
partially contained by the rear face steel plate. 662 
    663 
Figure 27: EFP penetration into 100 mm concrete core (no front steel plate) and 664 
changes in concrete material compression COMPRESS = ln(ρ/ρ0) (0.06 ms, 0.15 ms, 0.80 665 
ms) 666 
Despite initially having a slower rate of deceleration of the EFP velocity as compared to 667 
other SC barrier configurations with a front face plate (see Figure 30), analysis of the 668 
projectile velocity time history as presented in Figure 28(a) shows that the EFP is still 669 
effectively terminated by the SC barrier unit at about 0.8 ms after impact. 670 
The graph in Figure 28(b) shows that the rear face steel plate would move away from the 671 
concrete core at an average velocity of 38 m/s (at t = 0.8 ms) after being hit by the EFP. 672 
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 673 
Figure 28: (a) evolution of the projectile velocity during penetration of 100 mm concrete 674 
panel (without front steel plate); (b) average velocities of rear steel plate in non-675 
composite SC blocks 676 
5.3.6 Optimisation of SC barrier configuration 677 
Based on the results of experimental and numerical studies presented above, a number of 678 
observations can be made to help for optimizing designs of the SC protective barriers. 679 
Comparison of the EFP deceleration curves in Figure 29 for several designs of steel-concrete-680 
steel protective units and a protective system based on spaced steel plates demonstrates the 681 
advantages of utilising the concrete infill between the steel plates for terminating 682 
hypervelocity impacts by EFPs. Depending on the thickness of the concrete core and the EFP 683 
impact velocity, the following mechanisms and phases of EFP deceleration have been 684 
identified: 685 
(1) Phase 1 – Deceleration by the front face steel plate. A 9.5 mm thick steel plate 686 
provides deceleration to about 70% of the initial impact velocity of the EFP. It takes 687 
about 0.1 ms for the EFP to fully perforate the ruptured steel plate and exit into an air 688 
with a velocity of about 800 m/s as shown in Figure 29 (Curve 1). 689 
(2) Phase 2 – Deceleration by the front face steel plate – concrete interface.  When the 690 
steel plate is backed by the concrete core, the rate of deceleration remains nearly 691 
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constant as the EFP starts penetrating into the concrete core. 692 
(3) Phase 3 – Deceleration by the concrete core. The onset and rate of concrete core 693 
penetration by the EFP is determined by the concrete core thickness. When the 694 
concrete thickness is comparable in size with the EFP major dimensions, the EFP is 695 
effectively constrained between the steel plates which results in an earlier onset of 696 
Phase 3 and higher deceleration rate (Curve 2 in Figure 29). When the concrete core is 697 
sufficiently thick to fully terminate the EFP (Curve 4 in Figure 29), the deceleration 698 
continues with an average rate of 330,000 m/s/s until the full stop of the EFP. 699 
(4) Phase 4 – Deceleration by the rear face steel plate. The EFP – rear face steel plate 700 
interaction plays an important role for the SC protective units designed with the 701 
concrete core thickness that is not sufficient for full termination of the EFP within the 702 
concrete core. In this case, the EFP comes into contact with the rear face steel plate 703 
and the EFP and the rear steel plate start moving together. By this stage, the EFP 704 
velocity is not sufficient for perforating a 9.5 mm steel plate but it could cause large 705 
localised bulging deformations in the steel plate. 706 
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 707 
 708 
Figure 29: Comparison of EFP deceleration for SC block designs with 50, 100, and 150 709 
mm concrete thicknesses  710 
The optimal design of the SC barrier units should consider uncertainties associated with 711 
the EFP calibres and their velocities. In the tests presented in this paper, a 100 mm calibre 712 
EFP device was used. In real life scenarios, an EFP device could have a diameter up to 400 713 
mm and use thinner metal liners thus producing EFPs with much higher velocities and mass 714 
that those considered in this study. Therefore, design of SC protective units should consider a 715 
number of design parameters such as an aerial density required, type of infrastructure to be 716 
protected, maximum EFP velocity, cost and availability of the materials, and ease of 717 
installation. 718 
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Table 8 summarises the ballistic performance of the SC units analysed in this study. Based 719 
on an aerial density as an objective function for optimising SC protective units, the spaced 720 
steel plate armour system appears to be the most economical due to its lowest aerial density. 721 
On the other hand, terminating larger diameter EFPs flying with higher velocities than that 722 
considered in this study may require increasing the number of steel plates to 5 or more which 723 
may not be practical and could increase the aerial density of the armour to the levels 724 
comparable to the steel-concrete protective systems. 725 
 726 
Table 8: Summary of ballistic performance of SC protective units 727 
SC block 
configurations 
Aerial 
density 
[kg/m
2
] 
Ballistic 
performance 
EFP velocity  
after barrier 
penetration 
[m/s] 
Average 
velocity of 
front face 
plate [m/s] 
Average  
velocity of 
rear face 
plate [m/s] 
2 steel plates
*
 149.1 Perforation 210 - - 
3 steel plates
*
 223.7 
EFP 
termination by 
3
rd
 plate 
0.0 - - 
2 plates
*
 + 150mm 
concrete core 
509.2 
EFP 
termination by 
concrete 
0.0 7.0 17.0 
2 plates
*
 + 100mm 
concrete core 
389.2 
EFP 
termination by 
concrete and 
rear face plate 
0.0 7.0 27.0 
2 plates
*
 + 50mm 
concrete core 
269.2 
EFP 
termination by 
concrete and 
rear face plate 
0.0 6.0 34.0 
100mm concrete core + 
1 plate
*
 
314.6 
EFP erosion, 
termination by 
concrete and 
rear face plate 
0.0 No plate 38.0 
* Note: all steel plates in this table are 9.5mm high-strength steel plates 728 
 729 
As evidenced by extensive experimental and numerical results presented in this paper, the 730 
optimal design for the SC protective units that delivers reliable terminal ballistic performance 731 
appears to be related to providing sufficient thickness of a concrete infill between the steel 732 
plates that could decelerate and terminate the EFP within the concrete core and prevent the 733 
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EFP from coming into contact with the rear steel plate. Generally, high-velocity outward 734 
movement of the rear face steel plate should be prevented in the design of SC protective 735 
systems to avoid injuries to personnel or damage to infrastructure protected by the SC units. 736 
The experimental results presented in Section 4 have proven the effectiveness of reinforcing 737 
the concrete core with steel meshes and using high-strength through bolts for minimising 738 
outward motion of the face plates. 739 
Designing the SC barriers to terminate the EFP within the concrete core would also 740 
provide an additional safety margin where the rear steel plate is utilised as the last line of 741 
defence should the front face steel plate and the concrete core are fully penetrated by the 742 
EFP. Based on this design philosophy, a SC unit with a 150 mm thick concrete core appears 743 
to be the optimal design for ballistic protection from an EFP attack with a velocity of 1200 744 
m/s. 745 
Additional mass minimization could be achieved by utilising the SC units that do not 746 
include a front face steel plate. This design would rely only on the concrete resistance to 747 
decelerate the EFP and the rear face steel plate as a liner to prevent full penetration of the SC 748 
barrier. The deceleration curves for the 100 mm SC blocks with and without front steel plates 749 
are compared in Figure 30. It can be inferred from the graph that without the front face steel 750 
plate the EFP is decelerated by the concrete core less effectively and comes into contact with 751 
the rear face steel plate earlier than that for the other designs. Significant disadvantage of this 752 
SC protective unit design is highly hazardous concrete fragments produced by the shattered 753 
concrete core that fly outward with very high velocity. This failure mode of the SC units 754 
without the front steel plate makes this design generally not satisfactory for protecting 755 
personnel and infrastructure from the EFPs. 756 
The concrete core sandwiched in between two steel face plates provides the most 757 
significant contribution to the aerial density of the SC protective units. Mass of the concrete 758 
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core could be substantially reduced by using lightweight concrete with density 1450 kg/m
3
 as 759 
described by Sohel and Liew [17] in application to the SC sandwich slabs subjected to impact 760 
load. Effectiveness of adding steel fibres into the concrete core to reduce brittleness of 761 
concrete due to high-speed impact loads is an additional direction for future research into 762 
optimisation of the SC barrier units.  763 
 764 
Figure 30: Comparison of EFP deceleration for 100 mm thick SC block designs with 765 
and without front face steel plate 766 
 767 
6 CONCLUSIONS 768 
Use of steel-concrete systems is common for protective structural systems requiring a 769 
high level of protection from various forms of IEDs. No work has been done up until now 770 
to understand the response of steel-concrete sandwich systems to hypervelocity impacts 771 
 46  
by EFPs. EFP is one of the latest and most destructive warheads and IEDs for which no 772 
adequate protection has been developed so far. Relatively little research has been 773 
published on defeating this threat. 774 
Nine steel-concrete target units of finite sizes with different grades of high-strength 775 
steel plates, concrete core strength and degree of composite action were subjected to 776 
hypervelocity impacts to evaluate their capabilities in terminating EFPs. The 777 
experimental results confirmed the high destructive capacity of EFPs and their ability to 778 
demolish steel-concrete elements of substantial sizes. The following specific conclusions 779 
can be drawn based on the hypervelocity impact tests of the SC protective systems: 780 
1. The steel face plates in the SC protective units acquire sufficient momentum to fly 781 
away from the concrete core and become secondary projectiles after being struck by 782 
the EFP.  783 
2. Steel face plates with a yield strength varying from 600 MPa to 1600 MPa and 784 
variable hardness were used in the tests. The steels with higher strength and/or 785 
hardness did not show an appreciable difference in the dimensions of the entry hole 786 
or the overall terminal ballistic performance of the SC systems to the EFP impacts. 787 
3. SC protective units were designed with nominally normal strength concrete (NSC) 788 
and high-strength concrete (HSC) cores. There was no appreciable difference in the 789 
penetration performance of the sandwich units with NSC and HSC unreinforced cores 790 
subjected to hypervelocity EFP impacts.  791 
4. To maintain the integrity of the SC sandwich units, the use of high-strength steel 792 
through bolts was found to be a most effective means to resist the outward 793 
accelerated motion of the steel face plates. 794 
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5. It has been verified experimentally that reinforcing the concrete core with steel 795 
meshes connected with shear links is an effective means for maintaining sufficient 796 
integrity of the concrete core. 797 
6. EFP simulations using hydrocodes and experimentally validated numerical models 798 
provided important insights into the interaction of steel plates and a concrete core 799 
with the EFP, which is important for understanding the penetration mechanics of 800 
steel-concrete structures by EFPs. 801 
7. Numerical simulations have demonstrated an important contribution of the rear face 802 
plate for catching EFPs after their penetration through the concrete core for relatively 803 
thin SC unit designs. Minimum threshold for terminating the EFPs by the concrete core 804 
appears to be around 150 mm thick concrete core for a 1200 m/s EFP impact. For higher 805 
impact velocities (up to 2200 m/s), further experimental and numerical studies are 806 
requires to establish the minimum thickness of the concrete core. 807 
Although all steel-concrete protective systems were substantially damaged by the 808 
EFPs, the important outcome of this work is that the steel-concrete protective systems are 809 
capable of providing effective protection against an EFP threat. In all tests, the rear steel 810 
plate remained intact indicating that a combination of a steel plate and a concrete layer of 811 
an optimal thickness may provide effective protection against hypervelocity impacts by 812 
EFPs. Further studies are required to evaluate the effects of hypervelocity impacts on 813 
common steel and concrete structures, and methods of protection from this type of threat. 814 
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